Carbonic anhydrase XIV: Luminal expression suggests key role in renal acidification  by Kaunisto, Kari et al.
Kidney International, Vol. 61 (2002), pp. 2111–2118
Carbonic anhydrase XIV: Luminal expression suggests key
role in renal acidification
KARI KAUNISTO, SEPPO PARKKILA, HANNU RAJANIEMI, ABDUL WAHEED, JEFFREY GRUBB,
and WILLIAM S. SLY
Departments of Anatomy and Cell Biology, Pediatrics, and Clinical Chemistry, University of Oulu, Oulu, Finland;
and Edward A. Doisy Department of Biochemistry and Molecular Biology, Saint Louis University School of Medicine,
St. Louis, Missouri, USA
Carbonic anhydrase XIV: Luminal expression suggests key role than 95% of renal CA activity is cytosolic and corre-
in renal acidification. sponds to CA II; only 5% is membrane-associated [1–3].
Background. Carbonic anhydrase (CA) plays a fundamental Nonetheless, inhibitor studies showed that a nonabsorb-role in regulation of systemic acid-base homeostasis by facilitat-
able, large molecular weight CA inhibitor blocked uping urinary acidification. Four CA isozymes (CA II, IV, XII,
to 90% of bicarbonate absorption in isolated, perfusedXIV) have been identified in kidney. Until now, luminal CA
IV, a GPI-anchored isozyme, was thought to mediate most kidney and in vivo micropuncture, suggesting a larger
bicarbonate absorption. Although CA XIV mRNA has been role for the luminal membrane-associated CA than one
demonstrated in mouse and human kidney, the localization of
might expect from its contribution to total CA activitythis newly discovered CA has not been established.
in kidney [4–8]. Until now, the luminal activity wasMethods. RT-PCR and Western blot analyses were used to
demonstrate CA XIV mRNA and protein in extracts of cortex thought to be exclusively CA IV [9–11].
and medulla of mouse kidney. Polyclonal antibodies against Carbonic anhydrase II has been found to be expressed
mouse CA XIV were utilized for immunofluorescence to exam- in high levels in the intercalated cells of the distal tubule
ine the pattern of expression of CA XIV in the nephron of
and collecting duct, and somewhat lower levels have beenboth rat and mouse kidney.
found in proximal tubules and the loop of Henle [12].Results. Immunofluorescence staining showed abundant ex-
pression of CA XIV in apical plasma membranes of the S1 The fundamental importance of CA II in renal acidifica-
and S2 segments of proximal tubules, and weaker staining in tion was demonstrated in humans with CA II gene muta-
the basolateral membranes. Also, strong staining was seen in tions who exhibited renal tubular acidosis [13]. CA II-the initial portion of the thin descending limb of Henle. These
deficient mice produced by chemical mutagenesis alsoresults show that luminal CA XIV is strongly expressed in
had impaired renal acidification [14]. However, adminis-regions of the rodent nephron that have been thought to be
important in urinary acidification. Staining for CA XIV and tration of carbonic anhydrase inhibitors to CA II-defi-
CA IV in the same sections showed some areas of co-expres- cient patients and mice led to bicarbonaturia, supporting
sion, but also some areas where each was expressed without a key role for the membrane-associated CA activity inthe other.
renal bicarbonate reabsorption [15, 16].Conclusions. Luminal CA XIV may account for a substan-
Some species differences were noted in CA IV distri-tial fraction of the bicarbonate reabsorption previously attrib-
uted to CA IV. If so, CA XIV and CA IV may be functionally bution along the nephron. Immunohistochemical studies
redundant. in rat kidney localized CA IV to apical and basolateral
membrane domains in the proximal tubules and thick
ascending limbs of Henle [17]. In rabbit kidney, -inter-
Carbonic anhydrases (CA) are zinc metalloenzymes calated cells of the collecting ducts also expressed CA
that catalyze reversible hydration of CO2 and have an IV in their apical membranes [18]. In addition, histo-
important role in urinary acidification in kidney. More chemical studies have shown that several nephron seg-
ments, such as the initial portion of mouse thin descend-
ing limb of Henle [19, 20] and human, mouse and ratKey words: urinary acidification, bicarbonate reabsorption, carbonic
anhydrase, acid-base balance. distal convoluted tubule [21, 22], display membrane-
associated CA activity. These findings suggested the exis-Received for publication September 13, 2001
tence of other membrane-associated CA isozymes in kid-and in revised form January 25, 2002
Accepted for publication January 18, 2002 ney in addition to CA IV.
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zymes have been discovered, CA XII and CA XIV, both glyceraldehyde-6-phosphate (GAPDH) [35] were used
to monitor the quality of the RNA samples.of which are also expressed in the kidney [23–26]. We
recently characterized the immunohistochemical local- Ten micrograms of total RNA were used as a template
for subsequent RT and PCR reactions. Reverse tran-ization of CA XII in the human kidney, where it was
found in the basolateral membranes of the proximal and scription was performed at 42C for one hour followed by
denaturation at 95C for two minutes. The PCR cyclingdistal tubules and the principal cells of the collecting ducts
[27]. No luminal expression of CA XII was detected. Mori protocol consisted of 30 cycles of denaturation at 95C
for one minute, annealing at 55C for one minute andet al [25] cloned CA XIV cDNA from mouse kidney and
expressed it in COS-7 cells where the cDNA produced extension at 72C for one minute, followed by final exten-
sion at 72C for five minutes. The PCR products weremembrane-associated activity. CA XIV mRNA was local-
ized both to mouse renal cortex and medulla by in situ analyzed by electrophoresis on 1.5% agarose gels con-
taining 1% ethidium bromide.hybridization. To establish the cellular localization of CA
XIV in murine tissues (initially in brain), we expressed a
Western blottingtruncated secretory form of recombinant murine CA
XIV in Chinese hamster ovary (CHO) cells and raised Samples of renal cortex and medulla were obtained
as above and homogenized in ice-cold buffer containingpolyclonal antibodies to the purified recombinant pro-
tein [28]. In the present study, these antibodies were (in mmol/L) 10 NaCl, 50 Tris-SO4 (pH 7.0), 1 ethylenedi-
aminetetraacetic acid (EDTA) plus 1 tablet of Completeutilized to examine the expression pattern of CA XIV
in kidneys of adult rat and mice. Protease Inhibitor (Boehringer Mannheim, Mannheim,
Germany) per 50 mL buffer. The homogenates were first
centrifuged at 1000  g for 10 minutes at 4C to remove
METHODS
nuclei and cell debris, followed by centrifugation of the
Antibodies supernatants at 70,000  g for 90 minutes at 4C. The
pellets were resuspended in a small volume of isolationThe anti-mouse CA XIV antisera to the secretory form
of mouse CA XIV were raised in rabbits and rats as buffer and protein concentrations were measured using
the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA,described earlier [29, 30]. The rabbit anti-mouse CA XIV
antibody has been characterized recently by Parkkila et USA). The samples were then solubilized at 60C for
15 minutes in Laemmli sample buffer, and subjectedal [28]. Rabbit anti-mouse CA IV, used in Western blots,
also has been characterized earlier [31]. In double label- to standard sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; 50 g protein per lane).ing studies, a rabbit anti-rat CA IV antibody [32], a goat
anti-human aquaporin-2 (AQP2) antibody (Santa Cruz The separated proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes (Bio-Rad), whichBiotechnology, Santa Cruz, CA, USA) and a goat anti-
body against Tamm-Horsfall glycoprotein (Cappel ICN, were treated overnight at 4C in PBST buffer (0.9%
NaCl in 10 mmol/L sodium phosphate buffer, 0.05%Costa Mesa, CA, USA) were used. All secondary anti-
bodies used in immunofluorescence were purchased Tween-20, pH 7.4) containing 10% cow colostral whey
(Hi-Col, Oulu, Finland), and subsequently incubatedfrom Molecular Probes (Eugene, OR, USA).
with polyclonal anti-CA XIV, anti-CA IV or preimmune
Extraction of RNA and reverse transcription- serum [each diluted 1:500 with PBST containing 1%
polymerase chain reaction bovine serum albumin (BSA)], at room temperature for
two to three hours. The membranes were then washedMice were sacrificed by decapitation and the kidneys
were removed. Cortex and medulla were dissected from with several changes in PBST, and incubated for one
hour at room temperature with peroxidase-conjugatedcoronal slices and rapidly frozen in liquid nitrogen. Total
cellular RNA was extracted from the tissue samples using donkey anti-rabbit IgG (Jackson Immunoresearch, West
Grove, PA, USA) diluted 1:25000 in BSA-PBST. AfterTRIzol reagent (Gibco-BRL, Gaithersburg, MD, USA),
according to the manufacturer’s instructions. The con- several washes in PBST, antibody binding was visualized
by enhanced chemiluminescence (ECL; Amersham, Lit-centration and purity of RNA was determined by spec-
trophotometer at 260 and 280 nm. Reverse transcription tle Chalfont, UK).
(RT) and polymerase chain reaction (PCR) amplifica-
Immunocytochemistrytion were performed using a single-step method [33, 34].
Two primers for amplifying CA XIV were chosen based Adult male rats (Sprague-Dawley) and mice (Balb/c)
were sacrificed by decapitation. The kidneys were per-on the published mouse CA XIV sequence [25]; forward
5-AAGGTGACTTGGATCCTGGCTGCA-3 (nucle- fused in situ through the abdominal aorta with 3% para-
formaldehyde in PBS, removed and cut into coronalotides 290-313) and reverse 5-TTCTGAGCTGCCT
CACTCAAGCTG-3 (nucleotides 700-723), which gen- slices. The slices were further immersion-fixed for two
hours at room temperature, cryoprotected overnight inerated a 434-bp amplification product. Primers for rat
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Fig. 1. Reverse transcription-polymerase chain reaction analysis of RNA Fig. 2. Western blot of CA XIV in mouse renal cortex and medulla.
isolated from mouse renal cortex and medulla. A 434-bp amplification Anti-CA XIV antibody identifies a 54-kD polypeptide in membrane
product of CA XIV mRNA is obtained from both the cortex and proteins of both regions. The corresponding preimmune serum shows
medulla regions. Standards (100-bp ladder) are shown on the left lane. no positive reaction. Anti-CA IV serum recognizes polypeptides of 39
kD and 74 kD in both regions.
20% sucrose-PBS and rapidly frozen in liquid nitrogen-
cooled isopentane. Sections were cut at 5 m using a the cortex and medulla of the mouse kidney (Fig. 1).
Microm Cryo-Star microtome (Microm, Walldorf, Ger- Amplification products of predicted size (434 bp) were
many), dried onto Superfrost Plus microscope slides
detected in RNA samples from both regions of the kid-(Menzel, Braunschweig, Germany), and incubated with
ney. Amplification of GAPDH mRNA from the samePBS containing 20% cow colostral whey for 40 minutes.
RNA samples using GAPH primers served as positiveThe sections were then incubated for two hours with
controls, revealing 300-bp amplification products frompolyclonal anti-CA XIV or preimmune serum, diluted
both RNA samples.1:300 in 1% BSA-PBS, washed three times for five min-
Western blot analysis revealed that CA XIV is ex-utes in PBS and incubated for one hour with Alexa 568-
pressed both in mouse kidney cortex and medulla as acoupled goat anti-rabbit IgG, diluted 1:200 in PBS. After
54-kD polypeptide (Fig. 2). Western analysis of the samefour five-minute washes in PBS, slides were mounted in
membrane samples using an antiserum against mouseImmu-mount (Shandon, Pittsburgh, PA, USA).
CA IV showed the predicted 39-kD polypeptide bandFor double immunofluorescence staining, the rabbit
anti-mouse CA XIV was detected with Alexa 592-cou- and an additional larger band thought to be a homodimer
pled donkey anti-rabbit IgG (1:200), and the goat anti- in both blots (Fig. 2). No signal was detected when preim-
bodies against AQP2 (diluted 5 g/100 L) or Tamm- mune serum was used instead of the specific antiserum.
Horsfall glycoprotein (1:100) with Alexa 488-coupled
Immunolocalization of CA XIV in the kidneydonkey anti-goat IgG (1:200). For double labeling of CA
XIV and IV, the rat anti-mouse CA XIV was detected The nephron distribution and subcellular localization
with Alexa 488-coupled goat anti-rat IgG (1:200) and of CA XIV were examined by immunohistochemistry
rabbit anti-rat CA IV with Alexa 568-coupled goat anti- in rat and mouse kidney samples. Low-magnification
rabbit IgG (1:200). The sections were examined with a images of rat (Fig. 3A) and mouse kidney (Fig. 3B)
conventional epifluorescence microscope (Nikon Corpo- demonstrate that the strongest immunofluorescent signalration, Tokyo, Japan) or a confocal laser scanning micro-
was present in the cortex. The outer stripe of the outerscope (Zeiss, Go¨ttingen, Germany).
medulla showed only a weak staining, whereas distinct
tubular profiles in the inner stripe were stained intensely.
RESULTS No labeling was seen in the inner medulla. In the cortex
Regional expression of CA XIV mRNA and protein region, the staining was restricted to the proximal tu-
in the kidney bules, as shown in the higher magnification images (Fig.
3 C, D). The most striking fluorescence was present inReverse transcription-polymerase chain reaction was
performed to detect the presence of CA XIV mRNA in the apical plasma membrane, while the basolateral mem-
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Fig. 3. Immunofluorescence staining of CA
XIV in rat (A) and mouse (B–E ) kidney. Low
power composite views (A, B) show that CA
XIV is expressed in cortex region (cx) and
inner stripe of outer medulla (is). High magni-
fication views (C, D) demonstrate that CA
XIV is predominantly expressed in the apical
plasma membrane of proximal tubules and
weaker staining is also seen in the folded baso-
lateral membrane. S1 segment emerging from
the glomerulus (gl) shows strong labeling. Dis-
tal convoluted tubules () remain negative.
In the inner stripe of the outer medulla (E),
strong CA XIV-positive fluorescence is seen
in the apical and basolateral membranes of
tubules representing the initial portion of thin
descending limb of Henle (arrows). Abbrevia-
tions are: os, outer stripe of outer medulla; im,
inner medulla. Original magnifications: A, B
100; C–E 630.
brane showed a weaker staining. The staining was intense 5 (A, B) shows that CA XIV-positive tubules are distinct
from the adjacent, Tamm-Horsfall glycoprotein-positivein S1 and S2 segments throughout the cortex. S3 seg-
ments in the outer stripe of the outer medulla showed thick ascending limbs of Henle. Collecting ducts through-
out the kidney were unstained for CA XIV. This wasonly a faint intracellular punctuate staining, that was
found to be a non-specific reaction (controls in Fig. 4). nicely demonstrated by double immunofluorescence
staining with anti-AQP2 antibody (Fig. 5 C, D), whichControls using preimmune serum instead of the anti-
CA XIV serum revealed a faint punctate labeling in S3 specifically labels the principal cells of the collecting duct
[37, 38].proximal tubules in the outer stripe of the outer medulla,
while all other nephron segments remained unstained We also compared staining for CA XIV and CA IV
by double immunostaining to clarify regions of overlap(Fig. 4). Based on shape, number, and location, the CA
XIV-positive fluorescent signals in the inner stripe of and distinct staining (Fig. 6). Panels A and B show that
both isozymes are co-expressed on the apical plasmathe outer medulla represent the initial portion of the
thin descending limbs of Henle. This was confirmed by membrane of most cortical tubules. The proximal tubule
sections, which appear to stain more intensely for CAdouble immunofluorescence staining using antibodies
against CA XIV and a marker protein of the thick as- XIV than for CA IV, may represent the S1 segment that
was weakly stained (relative to S2) in a prior study ofcending limbs, Tamm-Horsfall glycoprotein [36]. Figure
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Fig. 6. Double immunofluorescence staining of CA XIV (A, C, E ) andFig. 4. Immunofluorescence staining of CA XIV (A, C, E ) and preim-
CA IV (B, D, F ) in mouse kidney. Panels A-D represent the cortexmune serum (B, D, F ) in mouse kidney cortex (A, B), outer stripe
region and panels E and F are from the medulla. Panels A and B show(C, D) and inner stripe of outer medulla (E, F). A faint, punctuate
that both isozymes are co-expressed on the apical plasma membranenon-specific staining in S3 proximal tubules in the outer stripe is seen
in the majority of cortical proximal tubules. However, there are somewith both anti-CA XIV and preimmune sera (C, D). No reaction is
proximal tubule sections that strongly express CA XIV and much lessseen in other regions stained with preimmune serum (B, F). Original
or no CA IV (compare panels C and D). The occasional CA IV-magnification 630.
positive/CA XIV-negative segments shown in panel D most probably
represent cortical thick ascending limb of Henle. Panels E and F demon-
strate that CA XIV and IV are localized in completely different seg-
ments in the medulla. CA XIV-positive/CA IV-negative segments of
the thin limb of Henle are marked with arrows. CA IV-positive segmentsrat nephron [17]. The occasional CA IV-positive/CA
represent medullary thick ascending limb of Henle. gl  glomerulus.
XIV-negative segments in panel D most likely represent Original magnification 630.
cortical thick ascending limbs of Henle. Figure 6 panels
E and F demonstrate that CA XIV and CA IV are
localized in completely different segments in the me-
Inhibition of luminal CA activity blocks the majority ofdulla. The CA XIV-positive/CA IV-negative segments
bicarbonate absorption of the proximal tubule [4, 5]. Theof the thin limb of Henle are marked. The CA IV-
identity of the membrane CA in the kidney was longpositive/CA XIV-negative segments represent the thick
attributed to CA IV, which is attached to the plasmaascending limb of Henle. Figure 7 summarizes diagram-
membrane by a glycosyl phosphatidyl inositol anchormatically all the findings on the distribution of CA IV
[3, 9]. However, recent discoveries of novel transmem-and CA XIV in the rat nephron.
brane CA isozymes, CA XII and CA XIV, suggest new
candidates for luminal CA activity. We have recently
DISCUSSION reported the localization of human CA XII in the baso-
lateral membranes of the epithelial cells in the distalThe crucial role of the membrane-associated CA in
renal bicarbonate absorption has been well documented. tubules and of the principal cells in the collecting ducts
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Fig. 7. Schematic representation of CA XIV and IV distribution along
the rat renal tubules. Data on CA IV localization are adopted from
[13]. Green color indicates CA XIV and orange color, CA IV. Abbrevia-
tions are: GL, glomerulus; PCT, proximal convoluted tubule; THN,Fig. 5. Double immunofluorescence staining of CA XIV (red) with
thin limb of Henle; TAL, thick ascending limb of Henle; DCT, distalTamm-Horsfall glycoprotein (green) (A, B) and AQP2 (green) (C, D)
convoluted tubule; CD, collecting duct; cx, cortex; os, outer stripe ofin mouse kidney. In the cortex, CA XIV shows positive staining in
outer medulla; is, inner stripe of outer medulla; im, inner medulla; A,proximal tubules and not in cortical thick ascending limb labeled with
apical plasma membrane; BL, basolateral plasma membrane.anti-Tamm-Horsfall glycoprotein antibody (A). In the inner stripe of
outer medulla, CA XIV is expressed in thin descending limbs and does
not co-localize with Tamm-Horsfall glycoprotein in thick ascending
limbs (B). Collecting ducts in cortex (C) and outer medulla (D), labeled
with anti-AQP2, show no immunostaining for CA XIV. Original magni- [17, 18], CA XIV is strongly expressed in both S1 andfication 630.
S2 segments. Whether this axial heterogeneity in the
immunolocalization of CA IV and XIV along the proxi-
mal tubule is related to their physiological roles in bicar-
bonate reabsorption remains to be established. However,[27]. None was found on luminal membranes. The re-
verse is true for CA XIV. CA XIV mRNA had been physiological evidence argues that bicarbonate reabsorp-
tion is greater in the S1 than the S2 segment [39, 40],isolated from mouse kidney and its mRNA localized to
renal cortex and outer medulla [25]. The present study suggesting a major role for CA XIV in this process. The
respective roles of CA XIV and CA IV in the luminalshows expression of CA XIV protein in rat and mouse
kidney and demonstrates its presence predominantly on membrane of the proximal tubule may be clarified by
the development of isozyme-specific inhibitors and ap-luminal membranes. Western blots using CA XIV anti-
body show no cross-reaction with CA IV, another mem- propriate knockout mouse models.
We also found faint staining for CA XIV in the basolat-brane-associated CA.
The most intriguing finding of the present study was eral membrane of the proximal tubule, which earlier had
been reported to contain CA IV [17, 18] and CA XII [27].that CA XIV was abundantly expressed in the apical
plasma membranes of the proximal tubules where CA The physiological importance of basolateral membrane
CA was shown recently by Tsuruoka et al, who foundIV has earlier been implicated as the extracellular CA
needed to prevent the development of luminal disequi- that an extracellular, membrane-impermeable CA inhib-
itor substantially reduced bicarbonate and water absorp-librium pH [17, 18]. CA XIV and CA IV show some over-
lap in distribution along the proximal tubule, but also tion in microperfused rabbit proximal tubules [41]. Based
on the present and previous studies, at least three CAhave somewhat different distribution patterns. While CA
IV expression is largely restricted to the S2 segment isozymes (CA IV, XII and XIV) are expressed on the
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3. Alpern RJ, Rector FC: Renal acidification mechanisms, in Bren-basolateral surface and may contribute to fluid and bicar-
ner and Rector’s The Kidney (5th ed), edited by Brenner BM,
bonate reabsorption at this site. Which isozyme plays Rector FC, Philadelphia, Saunders, 1996, pp 408–471
4. Lucci MS, Pucacco LR, DuBose TD Jr, et al: Direct evaluationthe most important role is unclear thus far.
of acidification by rat proximal tubule: Role of carbonic anhydrase.The finding of CA XIV in the membranes of the upper
Am J Physiol 238:F372–F379, 1980
portion of the thin descending limb of Henle suggests 5. Lucci MS, Tinker JP, Weiner IM, DuBose TD Jr: Function of
proximal tubule carbonic anhydrase defined by selective inhibition.that CA XIV accounts for the histochemically docu-
Am J Physiol 245:F443–F449, 1983mented, membrane-bound CA activity in this nephron
6. DuBose TD Jr, Lucci MS: Effect of carbonic anhydrase inhibition
segment [19, 20]. It is known that this part of the nephron on superficial and deep nephron bicarbonate reabsorption in the
rat. J Clin Invest 71:55–65, 1983is highly permeable to water and has been reported to
7. Frommer JP, Laski ME, Wesson DE, Kurtzman NA: Inter-exhibit at least limited active sodium transport [42].
nephron heterogeneity for carbonic anhydrase-independent bicar-
However, bicarbonate transport in this segment has not bonate reabsorption in the rat. J Clin Invest 73:1034–1045, 1984
8. Alpern RJ: Renal acidification mechanisms, in Brenner and Rec-been demonstrated.
tor’s The Kidney (6th ed), edited by Brenner BM, Rector FC,The immunolocalization studies in kidney of CA XII
Philadelphia, W.B. Saunders, 2000, pp 496–797
[27] and CA XIV (this report) resolve the mystery cre- 9. Sly WS, Hu PY: Human carbonic anhydrases and carbonic an-
hydrase deficiencies. Annu Rev Biochem 64:375–401, 1995ated by both histochemical and physiological evidence
10. Sly W, Shah GN: The carbonic anhydrase II deficiency syndrome:that membrane CAs exist in sites where immunoreactiv-
Osteopetrosis with renal tubular acidosis and cerebral calcification
ity for CA IV is absent. The findings reported here may (chapt 208), in The Metabolic and Molecular Bases of Inherited
Disease (vol iv, 8th ed), edited by Scriver CR, Beaudet AL,require revision of models of renal acidification that at-
Sly WS, Valle D, New York, McGraw-Hill, Medical Publishingtributed all of the luminal CA activity to CA IV. CA
Division, 2001, pp 5331–5343
XIV may be as important as CA IV (or even more 11. Rodriguez-Soriano J: New insights into the pathogenesis of re-
nal tubular acidosis–From functional to molecular studies. Pediatrimportant) to overall fluid and bicarbonate absorption
Nephrol 14:1121–1136, 2000in the kidney. These findings also require revisions of
12. Brown D, Kumpulainen T, Roth J, Orci L: Immunohistochemical
the hypotheses that targeted disruption of the CA IV localization of carbonic anhydrase in postnatal and adult rat kidney.
Am J Physiol 245:F110–F118, 1983gene will produce massive bicarbonaturia and the clinical
13. Sly WS, Hewett-Emmett D, Whyte MP, et al: Carbonic an-phenotype of pure proximal renal tubular acidosis [9, 10]. hydrase II deficiency identified as the primary defect in the
The human kindreds with this phenotype turned out to autosomal recessive syndrome of osteopetrosis with renal tubular
acidosis and cerebral calcification. Proc Natl Acad Sci USA 80:have normal amounts of CA IV (W.S. Sly, unpublished
2752–2756, 1983observations), but had mutations in the Na-HCO3 co- 14. Lewis SE, Erickson RP, Barnett LB, et al: N-ethyl-N-nitrosourea-
transporter expressed on the basolateral membrane induced null mutation at the mouse Car-2 locus: An animal model
for human carbonic anhydrase II deficiency syndrome. Proc Natl[43, 44]. It now seems quite possible that functional re-
Acad Sci USA 85:1962–1966, 1988dundancy of CA IV and CA XIV in bicarbonate reab- 15. Sly WS, Whyte MP, Krupin T, Sundaram V: Positive renal re-
sorption in the kidney would require absence of both to sponse to intravenous acetazolamide in patients with carbonic an-
hydrase II deficiency. Pediatr Res 19:1033–1036, 1985produce the extensive bicarbonate wasting seen in pure
16. Brechue WF, Kinne-Saffran E, Kinne RK, Maren TH: Localiza-proximal renal tubular acidosis. Testing this hypothesis tion and activity of renal carbonic anhydrase (CA) in CA-II defi-
must await the appropriate combination of knockout cient mice. Biochim Biophys Acta 1066:201–207, 1991
17. Brown D, Zhu XL, Sly WS: Localization of membrane-associatedmodels of CA IV and CA XIV.
carbonic anhydrase type IV in kidney epithelial cells. Proc Natl
Acad Sci USA 87:7457–7461, 1990
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